We present a novel mathematical model for collagen deposition and alignment during dermal wound healing, focusing on the regulatory effects of transforming growth factor-␤ (TGF␤.) Our work extends a previously developed model which considers the interactions between fibroblasts and an extracellular matrix composed of collagen and a fibrin based blood clot, by allowing fibroblasts to orient the collagen matrix, and produce and degrade the extracellular matrix, while the matrix directs the fibroblasts and control their speed. Here we extend the model by allowing a time varying concentration of TGF␤ to alter the properties of the fibroblasts. Thus we are able to simulate experiments which alter the TGF␤ profile. Within this model framework we find that most of the known effects of TGF␤, i.e., changes in cell motility, cell proliferation and collagen production, are of minor importance to matrix alignment and cannot explain the anti-scarring properties of TGF␤. However, we find that by changing fibroblast reorientation rates, consistent with experimental evidence, the alignment of the regenerated tissue can be significantly altered. These data provide an explanation for the experimentally observed influence of TGF␤ on scarring. Typically wound repair results in a scar where the newly TGF␤ Transforming growth factor-␤ formed tissue is distinctly different from the old (normal) tissue, and less functional. Recent studies show that altering the profile of transforming growth factor-␤ (TGF␤) during healing can have profound effects on the healing One of the main differences between scar tissue and process, including significantly increasing or decreasing normal tissue is the alignment of the extracellular matrix. the degree of scarring. [1] [2] [3] [4] It is known that TGF␤ alters For example, in normal rodent tissue the collagen fibers the wound healing process in many ways, 5, 6 and it is of the extracellular matrix are randomly aligned, whereas unclear which of these effects are responsible for changin scar tissue they are primarily aligned perpendicular ing the degree of scarring. The basic objective of this to the basement membrane. 7 Other differences include study was to use mathematical modeling to determine higher density of collagen, thicker fibers, and lower tenthose aspects of TGF␤ activity that were most significant sile strength in scar tissue, as well as different ratios for wound repair.
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of the types of collagen present. 8 In this article we are primarily concerned with the difference in alignment, tween the fibroblasts and the extracellular matrix, we iments suggest that most of the fibroblasts in the wound are derived from the subcutaneous fascia 16 and in most can easily manipulate the system in a manner unavailable in experiments, and can thus help to understand the simulations we assume that 80 percent of the cells entering the wound from surrounding tissue come from the complex dynamics of wound healing. Within this modeling framework, we can explore the consequences of fascia. The total number of cells in the wound region varies with time. Thus the proportion that migrate from the TGF␤-regulation of fibroblast properties.
surrounding tissue and the proportion of cells due to cell proliferation depend on time and the proliferation
MATERIALS AND METHODS
rate. Fibroblast behavior is determined by the extracelluOur model is an extension of one presented previously, 10 which considers three components of a wound: fibrolar matrix, but the cells also modify the extracellular matrix around them. Thus in our model the cells degrade blasts, collagen and fibrin. The new ingredient here is that we include explicitly the dependence of fibroblast collagen and fibrin as well as produce collagen. The simulated cells degrade collagen (and fibrin) at a rate proporproperties on TGF␤. The collagen and fibrin networks are described by continuous functions representing ditional to the amount of collagen (or fibrin) already present, and produce collagen at a constant rate, oriented rection (the predominant local fiber direction) and density, and the fibroblasts move and modify these networks.
in the direction of movement. This allows us to simulate the transformation, via fibroblasts, of a fibrin blood clot We separately track the movement of each fibroblast cell. The concentration of TGF␤ is given by a function into an extracellular matrix composed primarily of collagen. As the cells change the composition of the extracelwhich varies with time but is constant throughout the wound region, which is taken to be a two-dimensional lular matrix, they also align the matrix. 17, 18 It is unclear whether this alignment is due only to mechanical forces cross section of a slash wound. Typically it is 1 millimeter deep and 0.5 millimeters wide.
the cells exert on the matrix as they move, 19 or other more local influences due to the production of new fibers. In Within this framework we incorporate a range of cell-extracellular matrix interactions. The fibroblasts are our model we do not distinguish between these different effects: we simply assume alignment is a local effect, in guided by the extracellular matrix, which is composed of collagen and fibrin. This well-documented phenomewhich the fibroblasts align the collagen matrix (but not fibrin) towards the direction in which they are moving. non is known as contact guidance. [11] [12] [13] In our model, we assume that as the cells move, they sample their There are many sources of TGF␤ in the wound, including monocytes, fibroblasts, and platelets, which environment, the extracellular matrix, and determine which direction to move in, based on the local fiber seem to be the earliest source. 5 In view of this range of sources, and because the wound region is relatively small orientation (see the appendix for details). Additionally, their speed is affected by the density of the different with no experimental data to quantify spatial variations, we assume a uniform concentration of TGF␤ in the proteins. In particular, the fibroblast speed depends on fibronectin in a biphasic manner, 14 with cells moving wound region which varies with time. It is known that TGF␤ has various effects on fibromore slowly at low or high density. We are assuming that the fibronectin concentration is proportional to the fibrin blasts: it acts as a chemoattractant, modulates collagen production and degradation as well as cell proliferaconcentration and that the densities are limited to the range where the speed increases. Thus we take the cell tion. 20, 21 In our mathematical model it is easy to incorporate all of these effects, but more importantly we can speed to increase linearly with fibrin concentration. The response to collagen density is similarly biphasic, but separate them, and study how they relate to one another. In the remainder of this paper we give results of simulathe cell speed is more sensitive to fibronectin 15 than to collagen. Specifically, we assume that the extracellular tions which examine the individual effects of TGF␤, the effects of different isoforms of TGF␤, and finally we end matrix can alter the cell's speed by a factor of about 8, with the average speed being between 2 to 5 microns with a discussion of our findings. But we begin by giving further details about the model. per hour. The reader is referred to the appendix and previous work 10 for the precise functional forms and more details.
RESULTS
The cells are modeled to allow polarization, that is, their direction of motion is influenced by their previous Our study of TGF␤ activity was made possible by the recent data of Yang and coworkers, 22 who determined a direction. The cells enter the wound region from the surrounding tissue and proliferate by cell division. Experdetailed time-course of active TGF␤ in dermal wound healing in rats. They found that the concentration of sity is kept constant), and due to our assumption that cells lose their polarization when they divide. However, active TGF␤ peaks within an hour after wounding, decreases to a level above normal within one day, peaks our simulations show that the relatively slight increases (a factor of 2 at most) in cell proliferation caused by again five days after wounding and then more gradually decreases until reaching approximately normal levels 14 TGF␤ has little effect on the fiber alignment. The density distribution of the wound region changes, with more days after wounding. Because fibroblasts do not enter the wound until 24 to 48 hours after wounding, we ignore the dense collagen in the center towards the base of the wound because the cells rapidly accumulate in the first peak of TGF␤ concentration and use the functional form shown in Figure 1 for the TGF␤ concentration.
wound region when there is increased proliferation, the overall collagen density is typically higher at any given We begin by considering separately the effects of TGF␤ on cell proliferation, cell motility, and collagen time post-wounding. The response to TGF␤ is biphasic and proliferation production.
is less at the highest concentrations reported. These conEffect of TGF␤ on cell proliferation centrations are of the same order of magnitude as the The effect of TGF␤ on cell proliferation depends on the concentration reported in the wound, so we must condevelopmental age of the source of the fibroblasts, with sider the possibility that proliferation decreases as the fibroblasts from younger sources having a greater prolif-TGF␤ concentration peaks. Thus, in contrast to our previerative response to the growth factor ranging from just ous simulation, we begin with a proliferation rate 2 times over 100 percent of normal to over 200 percent of norhigher than normal, decreasing with increasing TGF␤ mal.
23, 24 The response depends on growth factor concenconcentration. This is consistent with the experimentally tration in a biphasic manner, increasing and then measured cell proliferation in the wound region, which decreasing with concentration, with the maximum refalls dramatically between day 5 and day 7 postsponse of over 250 percent above normal at a concentrawounding.
16 Surprisingly, this results in more alignment tion of 1 pM in monolayers. 20 We allow the fibroblast of the collagen fibers ( Figure 2b ). In this simulation the proliferation to vary with TGF␤ concentration in a linear cells do not get slowed down in high density regions manner, increasing the proliferation up to a maximum near the boundary of the wound, and thus are more of two times that of normal. This results in a change uniformly distributed throughout the wound region, leadfrom 66 percent of the total number of cells at the end ing to increased alignment. of the simulation resulting from cell proliferation to 77 percent. Previous investigations 10 showed that greatly Effect of TGF␤ on cell motility increased cell division tended to randomize the fiber As in the case of cell proliferation, the experimental alignment due to a decrease in the number of cells enterevidence does not indicate a simple relationship between ing from the surrounding tissue (the maximum cell denfibroblast motility and TGF␤ levels. Fibroblasts show a biphasic response to TGF␤ concentrations, and the maximum response involves 400 percent more cells migrating than normal. 20 Furthermore, it was reported that this increased migration was not due to chemokinesis but was a chemotactic response: that is, there is not an increase in overall motility, but a directed movement along chemical gradients. In other work where fibroblasts are placed on 3-dimensional collagen gels and their motility is studied by examining how many invade the gel, the effect of TGF␤ again depends on the developmental age of the source of fibroblasts as well as the cell density. 25, 26 It was found that at low densities half as many adult fibroblasts migrated into the gel with increased TGF␤ concentration. In this study TGF␤ was uniformly increased so there were no chemical gradients. The results from both of these studies suggest that TGF␤ causes a chemotactic response and alters the speed of Time t ‫ס‬ 0 corresponds to 48 hours after wounding, which is the cells. In our model we were able to alter those two when fibroblasts begin entering the wound. This graph is based on data taken from Yang et al. In (a) the simulation corresponds to treatment with an antibody for TGF␤. In (b) the cell proliferation starts out at twice the rate used in (a) and linearly decreases to one as TGF␤ concentration increases. In (c) the cell speed decreases up to a factor of one half and the cell flux decreases from four times the rate used in (a) to one times the rate as TGF␤ concentration increases. Finally, in (d) the collagen production is allowed to increase to three times the rate used in (a) as TGF␤ concentration increases. The region represents a cross section of a slash wound with the surface of the skin at the top, normal tissue to the right and left and the basement membrane at the bottom. The results are shown after 240 hours of simulation corresponding to about 12 days after wounding (the fibroblast enter the wound region between 24-48 hours after wounding). Black indicates high density and white indicates no collagen. The line segments are used to represent the collagen fibers and their orientation. In reality they are curves whose tangent lines correspond to the direction of the vector field used to represent the collagen or streamlines.
a factor of one half depending on the TGF␤ concentrasimulation gave results that were similar to the increasing flux case, but with slightly more alignment (Figure 2c ). tion, and we increased the cell flux into the wound region by up to a factor of four, again depending on the TGF␤ concentration. Cell speed can have significant effects on Effect of TGF␤ on collagen production Because the speed of the fibroblasts depends on the collagen alignment, because in the model, cells move in one direction for a fixed time interval, before (potencollagen density, changes in collagen production rate affect the speed of the cells and therefore the alignment tially) reorienting. Thus when the cells move faster, they move a greater distance in a particular direction during of the collagen fibers. By increasing collagen production 27 and decreasing collagenase production, 28 TGF␤ this fixed time interval, causing more alignment. 10 In this case the speed decrease is relatively slight, and causes modifies the overall extracellular collagen density. 29 At TGF␤ concentrations comparable to those found in the collagen to be only slightly less aligned. In contrast, the increased flux significantly increases alignment perwounds, the overall collagen accumulation is increased by a factor of two. 30 At lower concentrations, the increase pendicular to the skin surface, since 80 percent of the cells are assumed to enter the wound from underlying in collagen was found to range from two-to three-fold and was dependent on the amount of collagen already tissue, and only 20 percent from the surrounding dermis. 16 Combining both effects gives a net increase in present in the medium. 21 In our model simulations we allow the collagen production to increase linearly to a alignment, because the alignment due to the flux overcomes the randomizing influence of the decreased speed. maximum of three times normal production. This results in a less aligned collagen gel since, as the overall collagen Because the chemotactic response is biphasic, we also ran a simulation where the peak in TGF␤ concentration density is higher, the cells are slightly slower and the reduced speed decreases the alignment (Figure 2d ). decreased the cell flux from the elevated levels. That Taken together, these results show that the effects in alignment, in contrast to the observed reduction in scarring in wounds treated with antibodies for TGF␤. of TGF␤ on cell proliferation, movement and collagen production are unable to explain the experimentally obThis indicates that other regulatory functions of TGF␤ must be the basic cause of its effect on wound repair. served collagen alignment patterns. This is illustrated in Figure 3a , c, which shows the combined effect of these three regulatory functions of TGF␤. Moreover, corresEffect of TGF␤ on cell reorientation Recent experimental evidence indicates that TGF␤ conponding computer simulations in which the TGF␤ concentration is set to zero (Figure 3b, d) show a net increase trols cell movement in a more complicated manner than Figure 3 . Collagen matrix dynamics for a simulation of normal wound healing with and without TGF␤. The collagen matrix for a simulation of normal wound healing with TGF␤, resulting in a scar, is shown in (a) with the fibroblast locations marked and graphs of total collagen density for the simulation and the experimental control data taken from Shah et al 1 are plotted in (c). In (b) we show a simulation of a wound treated with an antibody for TGF␤ with the corresponding collagen density for the simulation and the experimental data plotted in (d). The anti-TGF␤ simulation is the same as that shown in Figure 2 (a) and removes only the effects of TGF␤ on cell proliferation, motility and collagen production shown individually in figure Figure 2 . The simulation clearly shows that those three effects do not explain the experimental data where anti-TGF␤ treatment reduces scarring. The collagen matrix is represented after 240 hours of simulation corresponding to about 12 days after wounding (the fibroblasts enter the wound region between 24-48 hours after wounding). Black indicates high density and white indicates no collagen. The line segments are streamlines for the collagen vector field. The location of one fourth of the total fibroblasts are plotted with black circles. The region represents a cross section of a slash wound with the surface of the skin at the top, normal tissue to the right and left and the basement membrane at the bottom. When combining the three effects of TGF␤, we assume that the cell proliferation increases at 90 pg/mm 3 of TGF␤ and then decreases for higher concentrations; for the motility we combine the decreased cell speed and the elevated flux at 90 pg/mm 3 of TGF␤ which decreases with increased concentrations of TGF␤. The three experimental values in (c) and (d) are denoted by ‫)ם(‬ and are averaged values of four observations reported in Shah et al. 1 The simulated collagen density is plotted by the dashed line.
simply controlling the speed of movement. The developin a wound or by adding TGF␤ 3 , scarring is reduced. 3 Interestingly, wounds in transgenic mice overexpressing ment of lamellipodia and filopodia by fibroblasts is dependent on TGF␤ levels, implying control of the TGF␤ 1 healed with less scarring; 4 this finding is consistent with previous results because explicit measurefrequency with which cells change direction. 31 There is currently no quantitative experimental data on the extent ments indicate that in comparison to normal tissue, wound levels are higher for TGF␤ 3 , and lower for TGF␤ 1 . of this effect, but nevertheless we can study its qualitative implications using the model. Figure 4 shows a simulaMost experimental evidence suggests that the three isoforms affect fibroblasts similarly. 20, 30 There are two notation where the cells are allowed to reorient three times more frequently than those shown in Figure 3b : approxible exceptions: Murata and coworkers 32 found that TGF␤ 3 increases TGF␤ 1 production and alters collagen mately every 9 minutes. This significantly alters the resulting alignment, in a manner that agrees with production in a manner dependent on TGF␤ 1 . Incorporating this into our model would not be difficult, but altering experimentally observed alignment patterns. the collagen production rate by the magnitude consistent Different isoforms of TGF␤ with the experiments would not result in significant difThree isoforms of TGF␤ are found in mammals: TGF␤ 1 , ferences in alignment. The second exception is recent TGF␤ 2 and TGF␤ 3 . 29 By neutralizing TGF␤ 1 and TGF␤ 2 experimental evidence which suggests that TGF␤ 3 increases the number of filopodia of mesenchymal cells while TGF␤ 1 and TGF␤ 2 promote the formation of lamellipodia. 31 In this study cells from TGF␤ 3 knockout mice show a third less filopodia than normal cells from the palatal shelf and when TGF␤ 3 is added, the knockout cells show 3 to 5 times more filopodia. An increase in the number of filopodia of a cell will cause it to have a better sampling of its environment and will thus tend to increase its probability of moving in other directions. This is because if the filopodia are extended with increased frequency or there are more filopodia for a greater period of time the cell may reorient more frequently. This provides a clear explanation for the antiscarring effects of TGF␤ 3 . The experimental data suggests that adding TGF␤ 3 will tend to cause more frequent cell reorientation, and our mathematical model shows that this will lead to a more disordered network of collagen fibers, which is a hallmark of reduced scarring. Antibodies to TGF␤ 1 and TGF␤ 2 , on the other hand, will tend [49] [50] [51] Although some of this previous work does focus on alignment, the representation of the alignment of derevery 15 minutes gives significant improvement (less alignment) and orientation every 10 minutes gives highly mal tissue in our previous work, 10 on which this model is based, uses novel techniques, in particular the repredisordered tissue. When more experimental evidence is gathered, quantifying the effects of the TGF␤ isoforms sentation of fibroblast cells as discrete objects. In addition, in this paper we model the effects of TGF␤ on on orientation, our model could be used to obtain predictions in the form of dose-response curves for the relationcollagen fiber alignment, which to our knowledge has not been done before.
ship between the concentration of TGF␤ isoforms and the degree of collagen fiber alignment within scar tissue. We have presented a mathematical model for scar formation during wound repair that enables a detailed investigation of the effects on collagen fiber orientation of underlying biological processes. By incorporating the ACKNOWLEDGMENTS role of TGF␤ into the model, we conclude that its effects This work was supported in part by EPSRC grant GR/ on cell proliferation, migration (meaning speed and flux) K71394. JAS was supported by SHEFC Research Develand extracellular matrix production influence the collaopment Grant 107, and by an Advanced Research Fellowgen fiber alignment, which is a key indicator of scar ship from EPSRC. quality, 9 in only minor ways. Therefore, some other effect is needed to alter alignment if we are to explain its scar reducing properties. We predict that the recently identi-APPENDIX fied regulation by TGF␤ 3 of filopodia extensions could
In this appendix the model equations used in the simulabe the crucial property of the TGF␤ family, which undertions are described. For more details the reader is relies its ability to regulate scar tissue formation. ferred to Dallon, Sherratt, Maini. 10 The collagen matrix Due to the biphasic properties of TGF␤, careful time and fibrin clot (blood clot) are denoted c(x) and b(x). evaluation measurements of this cytokine need to be These are all vectors in R 2 which depend on time and made and the possibility of significant spatial variation space. The direction of the vector represents the predomin concentration across the wound must be investigated.
inant orientation of the fiber and the length of the vector For example, we believe that the peak in TGF␤ concengives the density of the protein. The fibroblast paths are tration five days after wounding is high enough to supdenoted by f i respectively (i ‫ס‬ 1, 2, . . ., M). The equation press fibroblast proliferation, while the elevated levels determining f i is given by earlier in wounding increase proliferation. This is consistent with experimental evidence, 16 where it was found f i (t)Ј ‫ס‬ s( c(f i (t)) , b(f i (t)) , g) u(t) u(t) (1) that cell proliferation decreased dramatically between 5 and 7 days after wounding. The concentrations of TGF␤ u(t) ‫ס‬ (1 ‫מ‬ )
used in most experiments are well below the levels measured in the wound by Yang et al. Figure 4 shows a simulation of the anti-TGF␤ 1 treatment and one can see that the model predicts much less
Here prime denotes differentiation with respect to time, g is the concentration of TGF␤, s is the speed of the cell alignment than for the normal wound healing case, which is shown in Figure 3a . Simulations of adding TGF␤ 3 are and is a function of fiber density and g, a time lag and the superscript i identifies the cell. The parameters very similar: again there is increased cell reorientation, but the other effects of TGF␤ (cell proliferation and and ␣ are positive constants. These equations model the contact guidance of the collagen and fibrin matrices as speed, and collagen production) are retained. The effects of TGF␤ on cell processes other than reorientation are well as the cells directional persistence due to cell polarization. When ‫ס‬ 0 the cell are not polarized and move less significant to alignment, and reorientation is affected differently by the different isoforms, which bind to the only in the direction determined by the extracellular matrix. When ␣ ‫ס‬ 0 the fibroblast direction is determined cells competitively. Thus our model predicts that it is the ratio of the concentrations of TGF␤ 1,2 to TGF␤ 3 that entirely by the collagen component of the extracellular matrix. The cell polarization parameter does not dramatiis the key issue in the regulation of fiber alignment within scar tissue. Quantitative data on the dynamics of these cally affect the collagen alignment and in all the simulations shown we take ‫ס‬ 0.9, reflecting the high degree isoforms within a healing wound would be key additional information in the further development of the model. of polarity in fibroblasts on fibrous gels. The value for
